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Abstract
Purpose Weight loss can result in the loss of muscle mass and bone mineral density. Resistance exercise is commonly prescribed to attenuate these effects. However, the anabolic endocrine response to resistance exercise during caloric restriction
has not been characterized.
Methods Participants underwent 3-day conditions of caloric restriction (15 kcal kg F
 FM−1) with post-exercise carbohydrate (CRC) and with post-exercise protein (CRP), and an energy balance control (40 kcal kg F
 FM−1) with post-exercise
carbohydrate (CON). Serial blood draws were taken following five sets of five repetitions of the barbell back squat exercise
on day 3 of each condition.
Results In CRC and CRP, respectively, growth hormone peaked at 2.6 ± 0.4 and 2.5 ± 0.9 times the peak concentrations
observed during CON. Despite this, insulin-like growth factor-1 concentrations declined 18.3 ± 3.4% in CRC and 27.2 ± 3.8%
in CRP, which was greater than the 7.6 ± 3.6% decline in CON, over the subsequent 24 h. Sclerostin increased over the first 2
days of each intervention by 19.2 ± 5.6% in CRC, 21.8 ± 6.2% in CRP and 13.4 ± 5.9% in CON, but following the resistance
exercise bout, these increases were attenuated and no longer significant.
Conclusion During caloric restriction, there is considerable endocrine anabolic resistance to a single bout of resistance
exercise which persists in the presence of post-exercise whey protein supplementation. Alternative strategies to restore the
sensitivity of insulin-like growth factor-1 to growth hormone need to be explored.
Keywords Energy deficit · Energy availability · Weightlifting · Strength training · Growth hormone · Sclerostin
Abbreviations
AUC	Area under the curve
BW	Body weight
CON	Control condition
CR	Caloric restriction conditions
CRC	Caloric restriction with carbohydrate condition
CRP	Caloric restriction with protein condition
GH	Growth hormone
IGF-1	Insulin-like growth factor-1
P1NP	N-terminal propeptide of type-1 collagen
RIR	Repetitions-in-reserve
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Introduction
While weight loss is necessary to combat obesity and its
associated comorbidities, it may negatively impact both the
muscular (Weinheimer et al. 2010) and skeletal (Ensrud
et al. 2018) systems. Weight loss consistently reduces muscle protein synthesis (Hector et al. 2018; Pasiakos et al.
2013) and has been found to increase muscle protein breakdown (Carbone et al. 2014). These changes parallel the
suppression of bone formation (Ihle and Loucks 2004) and
elevation of bone resorption (Ihle and Loucks 2004) during
weight loss. Thus, exercise is often recommended to attenuate the insults of caloric restriction to the musculoskeletal
system (Weinheimer et al. 2010). Though both aerobic and
resistance exercise have been shown to preserve lean mass
(Weiss et al. 2017; Sardeli et al. 2018) and bone mineral
density (Armamento-Villareal et al. 2012; Villareal et al.
2006) during calorie-restricted weight loss, some evidence
suggests that resistance training may be superior for preserving lean mass (Clark 2015; Villareal et al. 2017) and bone
mineral density (Beavers et al. 2017; Armamento-Villareal
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et al. 2019), potentially due to the larger anabolic endocrine
response generated by higher intensity exercise protocols
(Wahl et al. 2013).
However, the response of anabolic hormones to resistance
exercise may be altered under caloric restriction. At energy
balance, growth hormone (GH) secretion from the anterior
pituitary stimulates insulin-like growth factor-1 (IGF-1) production, primarily in the liver (Vottero et al. 2013). In turn,
the resulting increase in IGF-1 provides negative feedback
to the hypothalamus and anterior pituitary, reducing the production of GH releasing hormone and GH, respectively (Vottero et al. 2013). Previous research has demonstrated caloric
restriction disrupts the GH:IGF-1 axis, such that increasing GH secretion does not stimulate IGF-1 production and,
in turn, there is no subsequent negative feedback to reduce
GH production (Fazeli and Klibanski 2014). These alterations occur in a dose-dependent fashion, such that higher
levels of caloric restriction produce greater increases in GH
and reductions in IGF-1 compared to lower levels of caloric
restriction and energy balance (Loucks and Thuma 2003).
This dysregulated pairing of increased GH and decreased
IGF-1 has been termed growth hormone resistance (Fazeli
and Klibanski 2014) and represents a specific form of anabolic resistance. However, whether this dysregulation persists in the face of a potent anabolic stimulus, such as resistance training, has not been investigated.
The responses of systemic anabolic factors, such as GH
and IGF-1, warrant consideration as both hormones play
significant roles in the development of the skeletal system
(Tritos and Klibanski 2016). The reduction in IGF-1 during caloric restriction, specifically, has been associated
with bone loss (De Souza and Williams 2005), and bone
lost during weight loss is not easily restored (Villalon
et al. 2011). Previous studies have used short-term caloric
restriction to induce substantial changes in markers of bone
turnover (Papageorgiou et al. 2017; Loucks and Thuma
2003). Changes in markers of bone turnover appear before
noticeable changes in bone mineral density can be observed
(Fujimura et al. 1997), but have been shown to parallel
changes in bone mineral density in long-term studies (Villareal et al. 2016). Therefore, markers of bone turnover can
serve as reliable indicators of the shift in bone metabolism
during short-term interventions. Investigating the short-term
effects of resistance exercise on markers of bone turnover
during caloric restriction is an important first step towards
refining diet and exercise guidelines to preserve bone during weight loss. By understanding whether the response is
suppressed by caloric restriction, we can devise strategies to
overcome this suppression in an acute setting and, if applied
repeatedly, attenuate the loss of bone mineral density.
To maximize the potency of the anabolic response to
resistance exercise, dietary protein is often manipulated in
concert with resistance exercise. Six months of twice daily
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protein supplementation in combination with resistance
training has been reported to increase IGF-1 concentrations at energy balance (Ballard et al. 2005). During caloric
restriction, a high-protein diet in combination with resistance training has been shown to preserve muscle protein
synthesis rates nearer to those observed at energy balance
compared to a low-protein diet (Hector et al. 2018) and
preserve, or even accrue, lean mass (Longland et al. 2016).
Supplementation of whey protein after a bout of resistance
exercise has been shown to elevate muscle protein synthesis
above resting levels at energy balance (Areta et al. 2014),
while resistance training alone has been shown to match,
but not exceed, those observed at energy balance (Murphy
et al. 2015).
Thus, to inform the development of strategies for maximizing the anabolic response to a bout of resistance exercise during caloric restriction, we first sought to measure
the impact of short-term caloric restriction on the anabolic
response to a bout of resistance exercise. Additionally, we
quantified the impact of a single resistance exercise bout
under conditions of caloric restriction on markers of bone
turnover, namely sclerostin and N-terminal propeptide of
type-1 collagen (P1NP), which has been shown to correlate
with IGF-1 (Niemann et al. 2013). Finally, we wanted to
test the impact of post-exercise protein supplementation on
the anabolic response to resistance exercise in the calorierestricted state. We hypothesized that GH would be significantly elevated and IGF-1 would be significantly suppressed
following resistance exercise in the calorie-restricted state
compared to energy balance, indicating the development
of anabolic resistance. We further hypothesized that a bout
of resistance exercise would elevate bone formation, measured through P1NP, and reduce sclerostin, a measure of
anti-bone formation, even under caloric restriction. Finally,
we hypothesized that post-exercise protein supplementation
would attenuate the suppression of IGF-1 following a bout
of resistance exercise in the calorie-restricted state.

Methods
Study design
The present randomized, single-blind repeated-measures
crossover trial consisted of three 3-day conditions. Two
conditions restricted energy intake to 15 kcal kg FFM−1
(CR), while the third provided 40 kcal kg FFM−1, operationally defined as the control condition (CON). These
levels of energy availability have been previously shown
to induce weight loss and maintain weight, respectively,
during a similar short-term intervention (Koehler et al.
2016). All conditions provided participants 1.2 g kg body
weight (BW)−1 protein, which has previously been shown to
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maintain lean mass in combination with resistance training
during caloric restriction (Longland et al. 2016). Following
a resistance exercise bout on day 3 of each condition, participants consumed a post-exercise protein beverage during
one CR condition or a post-exercise carbohydrate beverage
during the other CR condition and CON. Participants underwent conditions in a random order and completed a washout period of at least 2 weeks between conditions during
which they resumed habitual exercise and dietary practices.
With one exception, all participants completed all conditions
within 8 weeks of the same school semester. The study was
approved by the University of Nebraska—Lincoln’s Institutional Review Board and registered at www.clinicaltrials.
gov (NCT03600311).

Participants
Participants were recruited from campus and other local
recreation sites via flyers, emails to campus sports clubs,
and social media posts between August 1st, 2018 and May
1st, 2019. Participants were height- and weight-stable
(< 0.25 inches and < 2.5 kg change in last 6 months) men
and women between 19 and 30 years old with a lean body fat
percentage (< 20% men, < 30% women) for their age (Borrud et al. 2010). Participants were currently active recreational weightlifters with at least 3 years of resistance training
experience, which we assessed with an online questionnaire.
We selected young, lean, trained participants for their larger
anabolic response to exercise (Häkkinen et al. 1998; Thomas
et al. 2011; Rubin et al. 2005). Young participants also have
larger anabolic responses to protein intake (Moore et al.
2015) compared to older adults and lean participants lose
greater amounts of lean mass during weight loss (Forbes
2000). All of these factors served to maximize our effect
sizes. Recruiting trained participants ensured that participants would be able to safely complete a high-intensity bout
of resistance exercise under fasted, calorie-restricted conditions. Compliance to these inclusion criteria was confirmed
during an initial screening visit to the laboratory after the
informed consent was signed.

Preliminary testing
During the preliminary testing, participants had their height
and weight taken by an electronic stadiometer (SECA, Germany) and their body composition was estimated by bioimpedance analysis (BIA; Quadscan 4000, BodyStat, UK).
Each participant performed a familiarization session in the
power rack used for the barbell back squat exercise during
each condition. Briefly, participants were first provided with
the option of performing a self-selected warm-up from available equipment, including a treadmill, cycle ergometer, and
foam roller. Participants then completed between 2 and 5

warm-up sets of the barbell back squat exercise. Once participants indicated that they were warmed-up, they selected
a weight with which they knew they could complete five
repetitions. Following the set, participants provided the
number of repetitions in reserve (RIR) they felt they had on
the previous set. Participants then increased the weight and
attempted another set until they indicated ≤ 1 RIR or failed
to complete five repetitions. All participants satisfied one
of these criteria within three working sets. Rest intervals
between sets were not controlled during preliminary testing.

Diet preparation
Participants were provided all food consumed during each
3-day condition. Diets consisted of an individually tailored
combination of clinical products (Ensure Plus; 4.57 g protein · 100 kcal−1 and Ensure High Protein; 10 g protein ·
100 kcal−1, Abbott Nutrition, USA), maltodextrin (Tate &
Lyle, UK), and whey protein isolate (Isopure, USA). Participants were allowed to consume their meals in 3–4 sittings
throughout the day and were asked to record their meal timings. Blinding was achieved by matching the total volume
between conditions via dilutions with water. During the
conditions, participants were permitted to consume water
ad libitum, but no other products.
Following their resistance exercise bout on day 3, participants received isocaloric post-exercise beverages consisting
of 30 g whey protein isolate [CR with protein (CRP)] or
maltodextrin [CON and CR with carbohydrate (CRC)] dissolved in 400 mL water. These beverages were consumed
in addition to the provided 15 or 40 kcal · kg FFM−1 and
1.2 g · kg BW−1 protein. Participants were blinded to which
beverage they received through a flavored water enhancer.
Meals on day 3 were consumed at standardized times relative to blood draws to minimize interference with the exercise response (Fig. 1).

Supplementation
To mitigate differences in calcium and vitamin D consumption, we supplemented participant intake of these
micronutrients throughout the entire study, including
washout periods. Calcium and vitamin D provided by each
condition were supplemented to make up the difference
from the maximal amount provided during one condition.
Supplementation of calcium during washout periods was
calculated by subtracting habitual calcium intake from
the maximal value provided by any condition. Habitual
calcium intake through the diet was determined using
the Brief Calcium Assessment Tool (Yang et al. 2010).
Vitamin D was supplemented at the maximal amount provided by any condition. Participants were provided all
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Fig. 1  Timeline of blood draws,
resistance exercise bout, postexercise protein or carbohydrate
supplementation and day-3
meals during each 3-day condition

supplements in pill boxes spacing them into 1–3 doses
per day depending on number of supplements needing to
be consumed.

Resistance exercise bout
On day 3 of each condition, participants reported to the laboratory between 0700 and 0900 h following an overnight fast
(≥ 10 h) to perform five sets of five repetitions (5 × 5) of
the barbell back squat exercise. All visits for a participant
occurred within 0.5 h of the same time each morning. Participants utilized the same warm-up procedures from their
preliminary testing visit before beginning their first set of
the 5 × 5 with the heaviest weight at which they successfully completed five repetitions with at least 1 RIR during
the preliminary testing visit. After the first set, participants
provided their RIR and the weight was adjusted according
to a standardized system. Participants who indicated 0 RIR
or did not complete their set decreased the weight on the bar.
When participants indicated 1 or 2 RIR, the weight on the
bar stayed the same in the next set. If participants indicated
3 or more RIR, the weight on the bar increased for the next
set. Between working sets, participants were required to rest
for at least 2 min and could not rest longer than 5 min. A
large rest range was permitted to ensure that participants
were able to recover between sets in the manner which they
habitually trained.
Participants were not allowed to exercise 24 h prior to
or during each 3-day condition outside of their 5 × 5 exercise bout. Strenuous physical activity was also discouraged.
Compliance with these procedures was assessed via a waistworn accelerometer (ActiLife G3TX + , ActiGraph, USA).

Body weight and composition
Before and after each 3-day condition, participants reported
to the laboratory following an overnight fast of at least 10 h
where body weight was measured and body composition
was assessed via Dual-Energy X-ray Absorptiometry scans
(iDXA, GE Healthcare, USA). We assessed hydration status by measuring the specific gravity of each morning urine
(Armstrong et al. 2010).
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Blood collection and serum assays
Assays were performed on fasted blood samples collected
in the morning of days 1, 3, and 4 of each condition. Additional samples were obtained serially 0-, 1-, 2-, 4-, and 8-h
post-exercise on day 3 of each condition (Fig. 1). All blood
samples collected throughout the study were stored as serum
aliquots at − 80 °C until analysis. Commercially available
assays were used to measure serum concentrations of IGF-1
[R&D Systems], GH [R&D Systems], P1NP [ABClonal],
and sclerostin [Biomedica]. Our intraassay variabilities for
each assay were 2.44% (IGF-1, sensitivity: 0.056 ng/mL),
4.82% (GH, sensitivity: 7.18 pg/mL), 9.23% (P1NP, sensitivity: 0.91 ng/mL), and 8.31% (sclerostin, sensitivity: 72 pg/
mL).

Calculations
Prior to data analysis, data were examined for outliers,
which were removed from the data set prior to proceeding
with analysis. Missing body composition data from one CR
condition scan in one participant as a result of a machine
malfunction were imputed using the participants’ other CR
condition. This decision was made due to the similarity in
pre-condition mass and compartment mass between the two
CR conditions (< 0.1 kg difference for all measurements)
and the assumption that weight loss, and the composition
of weight loss, would not differ between the two isocaloric
CR conditions. To minimize the impact of sex differences
in GH secretion (Luk et al. 2015), we normalized all time
points of GH collection to the peak in the CON condition for
each participant. Area under the curve (AUC) was calculated
for GH as the area above 0 using the trapezoidal method.
AUC for IGF-1 was calculated as the area below the day
3 Pre-Exercise blood draw in the same manner. Volume of
exercise bouts was calculated as the product of weight lifted
in kg relative to body weight in kg times the number of
reps completed at that weight. Changes between time points
were expressed in the original units for body composition
and percentages for IGF-1 and markers of bone turnover.
Concentrations from serial time points were reported in the
original units for IGF-1 due to the similarity in the initial
concentrations.
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Statistical analyses

Changes in body weight and composition

We first used one-sided t tests to determine if changes
in hormone concentrations or body composition between
time points in each condition were significantly different
from 0 in hypothesized directions. If changes were significantly different from 0 and inspection of the data suggested that group differences may exist, planned pairwise
comparisons, a type of contrast, were used to test for group
differences between CR and CON or CRC and CRP. To
test whether the anabolic response to resistance exercise
was altered during CR compared to energy balance, we
applied a contrast to compare the AUC responses of GH
and IGF-1 between CR and CON. To test whether resistance exercise was able to rescue changes in markers of
bone turnover in CR, we compared the changes observed
between day 1 and day 3 against those seen between day 1
and day 4 in each condition. Finally, to test whether postexercise protein supplementation could rescue the blunted
IGF-1 response to exercise, we applied a contrast to compare the AUC responses of IGF-1 between CRC and CRP.
Differences in urine-specific gravity were assessed with an
omnibus F test. Additionally, we reported Cohen’s d, or
the difference in group means divided by the pooled standard deviation, as effect sizes (Cohen 1988). Sample size
was determined based on the literature reporting changes
in IGF-1 following the reduction in energy availability to
10 kcal kg FFM−1 day−1 or 20 kcal kg FFM−1 day−1 for
5 days (Loucks and Thuma 2003). Based on these data, the
expected d was between 1.2 and 1.5, and a sample size of
n = 6 was sufficient to detect between-group differences
of 1.2 with a power of 0.80. All statistical analysis was
performed using R (R Core Team, Version 3.6). Unless
otherwise stated, all data in text and figures are reported as
mean ± standard error of the mean. We defined statistical
significance as p < 0.05.

Participants lost weight in both CR conditions (CRP
− 1.9 ± 0.2 kg; CRC − 1.9 ± 0.1 kg, both p < 0.001) and in
CON (− 0.8 ± 0.3 kg, p < 0.01), although weight loss in CR
conditions was greater than in CON (d = 1.88, p < 0.01).
In both CR conditions, participants lost significant fat
mass (CRP − 0.5 ± 0.1 kg, p < 0.01; CRC − 0.6 ± 0.2 kg,
p < 0.001) and lean mass (CRP − 1.3 ± 0.3 kg, p < 0.001;
CRC − 1.4 ± 0.2 kg, p = 0.001). Changes in fat mass
(− 0.2 ± 0.2 kg) and lean mass (− 0.5 ± 0.5 kg) in CON
were not significant (p > 0.10). The differences in fat mass
(d = 0.95, p = 0.05) and lean mass (d = 0.91, p = 0.06) losses
between CR and CON did not achieve statistical significance. Additionally, morning urine-specific gravity did not
differ between time points (p = 0.22).

Growth hormone response to resistance exercise
All participants successfully performed 25 repetitions during the 5 × 5 in each condition besides one participant who
performed only 24 repetitions in one condition. No characteristics of the resistance exercise bout, including warmup volume, working set volume, total volume, proportion
of working volume in total volume, or time rested differed
between conditions (all p > 0.50) [Table S1].
In response to the exercise bout, GH was elevated immediately post-exercise in all conditions (all p < 0.001, 0 h vs
Pre-Ex) (Fig. 2a) and returned to pre-exercise concentrations
within 1 h [Table S2]. GH concentrations in CRC and CRP,
respectively, peaked at 2.6 ± 0.4 and 2.5 ± 0.9 times the concentrations observed in CON. Together, peak GH concentrations during the two CR conditions were greater than peak
concentrations during CON (d = 1.17, p < 0.05), resulting in

a

Of the 15 participants who started an intervention, ten completed at least one condition and eight participants completed
all three conditions. One participant was excluded retrospectively due to noncompliance with study procedures [Figure
S1]. At baseline, the seven participants (five men and two
women) included in the present analysis were 22 ± 2 years
of age and weighed 79.4 ± 7.3 kg with 18.5 ± 2.7% body fat.
They had 6 ± 1 years of resistance training experience and
successfully completed five repetitions at 1.4 ± 0.1 times
their body weight during preliminary testing.

2

***

1

b

0

^
4

Area Under Curve [AU]

Participant characteristics and compliance

CRC
CON
CRP

3
GH Response (AU)

Results

^
***

3

2

1

0
Pre−Ex

0
1
Time (hours)

2

CON
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CRP

Fig. 2  Growth hormone (GH) response to resistance exercise bout
after 2 days of caloric restriction (CR) or control (CON) followed
by post-exercise ingestion of protein (CRP) or carbohydrate (CRC,
CON). GH concentrations are normalized to the GH peak in CON
(n = 6). ***Indcates p < 0.001 vs Pre-Ex ^indicates p < 0.05 vs CON
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Fig. 5  Change in sclerostin by condition and between time points,
adjusted to control for order effects (n = 7). †Indicates p < 0.10; *indicates p < 0.05; **indicates p < 0.01
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Fig. 4  Insulin-like Growth Factor-1 (IGF-1) response to resistance
exercise bout after 2 days of caloric restriction (CR) or control (CON)
followed by post-exercise ingestion of protein (CRP) or carbohydrate
(CRC, CON) (n = 7). †Indicates p < 0.10 vs CON

a greater AUC response in the two CR conditions compared
to CON (d = 1.20, p < 0.05) (Fig. 2b).

IGF‑1 response to diet and resistance exercise
Following 2 days of controlled diet (day 1 to day 3), IGF-1
did not decrease significantly in any condition (all p > 0.05)
(Fig. 3). However, in response to the resistance exercise
bout, IGF-1 decreased in all conditions (day 3 to day 4, all
p < 0.05). The decrease in IGF-1 was significantly greater in
the CR conditions than in CON (d = 1.30, p < 0.01). Serial
blood draws show the decline in AUC for IGF-1 over the
24 h following the resistance exercise bout (Fig. 4a) which
was greater in the two CR conditions compared to CON
(Fig. 4b), though this difference did not achieve statistical
significance (d = 0.93, p = 0.06). There were no observable
differences between CRC and CRP on the IGF-1 response
to resistance exercise.
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a
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Fig. 3  Changes in IGF1 by condition and between time points,
adjusted to control for order effects (n = 7). †Indicates p < 0.10; *indicates p < 0.05; ** indicates p < 0.01; ***indicates p < 0.001; ^^indicates p < 0.01 vs CON

IGF−1 Response (ng/mL)
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Change in IGF−1 (%)

0

**

Day 1 − Day 3

Day 3 − Day 4

Day 1 − Day 4

Fig. 6  Change in P1NP by condition and between time points
adjusted to control for order effects (n = 7). †Indicates p < 0.10; *indicates p < 0.05

Bone turnover response to diet and resistance
exercise
Sclerostin increased in all conditions following 2 days on
a controlled diet (day 1 to day 3, all p < 0.05) (Fig. 5).
However, following the resistance exercise bout, none of
the observed elevations in sclerostin throughout each condition remained significant (day 1 to day 4, all p > 0.06).
P1NP increased in CRP (p = 0.04) and CON (p = 0.07)
following 2 days on a controlled diet (day 1 to day 3),
although the latter did not achieve statistical significance
(Fig. 6). P1NP decreased 24 h after resistance exercise
(day 3 to day 4) in CON (p = 0.02), but in neither of the
CR conditions, though the difference between CON and
the CR conditions did not achieve statistical significance
(d = 0.80, p = 0.06). Overall, no significant changes in
P1NP were observed across each condition as a whole
(day 1 to day 4).
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Discussion
The primary finding of the present intervention is that
3 days of caloric restriction at an energy availability of
15 kcal kg FFM−1 induced considerable anabolic resistance to a heavy resistance exercise bout. This effect
occurred whilst consuming 1.2 g kg B
 W −1 protein and
continued in the presence of post-exercise supplementation of either protein or carbohydrate.
We are the first to quantify the GH and IGF-1 responses
to a heavy resistance exercise bout during caloric restriction. Our results show reduced IGF-1 responses 24-h following a single bout of resistance exercise despite greater
peak GH concentrations immediately after the bout in the
calorie-restricted state compared to the control condition. This dysregulated combination has previously been
observed following exposure to low-energy availability in
non-exercising populations (Loucks and Thuma 2003).
However, we are the first to demonstrate this anabolic
resistance induced by short-term caloric restriction persists in the presence of a potent anabolic stimulus, such
as resistance exercise. We speculate that this state may
reduce the potential benefits of resistance exercise to muscle mass and bone in the calorie-restricted state, but further research is needed to explore strategies for restoring
the sensitivity of IGF-1 to GH stimulation and test whether
outcomes such as bone mineral density or lean mass retention are improved.
We also observed a significant increase in sclerostin
in response to 2 days of caloric restriction at an energy
availability of 15 kcal kg F FM −1 without exercise. We
observed an increase in sclerostin of a similar magnitude
after 5 days at the same energy availability, while participants performed daily aerobic exercise and consumed
a low-protein (0.8 g kg bw−1) diet (Murphy et al. 2019).
However, without exercise, we observed a similar magnitude of change in just 2 days despite a greater amount
of protein (1.2 g kg bw−1). In agreement with the previous literature, weight-bearing exercise prevented a further
increase in sclerostin (Armamento-Villareal et al. 2012). In
fact, the changes observed following 2 days of controlled
diet without exercise were not seen across the full 3 days
of any conditions, suggesting that a single resistance exercise bout may be sufficient to attenuate the elevations in
sclerostin caused by short-term caloric restriction.
The changes which we observed in bone formation,
measured by P1NP, were not as consistent as those
observed in sclerostin. Contrary to what we hypothesized, P1NP increased over the first 2 days in one calorie-restricted condition, as well as the control condition,
and decreased following the resistance exercise bout in
the control condition. Resistance training has previously
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been shown to increase P1NP in postmenopausal women
(Pasqualini et al. 2019), but we did not observe an increase
24 h after resistance exercise in this intervention. Further
research is needed to replicate and confirm the influence
of resistance exercise on bone markers in the calorierestricted state.
Post-exercise supplementation of 30 g whey protein
offered no discernable benefit to any outcomes reported here
compared to consuming an isocaloric amount of maltodextrin. Protein feeding has been shown to provide a quicker,
greater stimulus for GH release compared to carbohydrate
(Pallotta and Kennedy 1968). However, in that intervention,
GH concentrations peaked 2 h following protein ingestion
in the absence of an exercise stimulus. In the present intervention, GH peaked immediately following the resistance
exercise bout, suggesting that the resistance exercise bout
may have overshadowed any potential benefit of protein
ingestion by causing GH release to enter a refractory period
during the time-window protein feeding may stimulate GH
release. Interestingly, pre-exercise supplementation of protein has been shown to impair the GH response to a single
bout of resistance exercise (Hulmi et al. 2005). Together,
these results suggest that stimulation of GH by either resistance exercise or protein may suppress the ability of the other
to stimulate its release by entering a refractory period. Additional research is needed to determine the interplay of exercise and protein stimulation of endocrine anabolic factors,
especially during a state of caloric restriction.
The same amount of whey protein used in this intervention has previously been reported to enhance muscle protein
synthesis above resting rates observed at energy balance following 5 days of caloric restriction at an energy availability of 30 kcal kg F
 FM−1 (Areta et al. 2014). However, a
recent study utilizing a unique, large exercise prescription
of 45 min of one-arm cranking and 8 h of walking per day
for 4 days reported that skeletal muscle became immune to
the anabolic effects of whey protein during an energy deficit
of 5500 kcal day−1 (Martin-Rincon et al. 2019). Though the
energy deficit targeted in that intervention exceeds our own
average by more than threefold, it is plausible that whey
protein may become ineffective below a threshold of energy
availability and could explain why our post-exercise protein
supplementation did not appear to have an impact. Additional interventions with varying levels of energy availability
are needed to establish a threshold of energy availability for
the benefits of whey protein.
One point of criticism about the present intervention was
the inability of our control condition to maintain weight and
induce a positive post-exercise IGF-1 response in all participants. However, reported post-exercise IGF-1 responses are
highly variable (Kraemer et al. 2017) and the energy availability of 40 kcal kg F
 FM−1 used in this intervention has
successfully maintained weight in a previous intervention
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(Koehler et al. 2016). We acknowledge that different methodologies for the quantification of GH exist (Hymer et al.
2001) and the methodology employed in the present intervention may not include a comprehensive quantification of
all isoforms (Hymer et al. 2019). Thus, future studies should
seek to confirm our findings utilizing alternative methodologies to that in the present intervention. We further acknowledge a comprehensive quantification of the acute GH and
IGF-1 responses to a bout of exercise which may benefit
from additional sampling points between 0- and 1-h postexercise; however, we observed clear differences between
our control condition and the calorie-restricted conditions
with the time points measured. That we still observed clear
differences between the CR conditions and CON in spite
of these limitations speaks to the robustness of the effects
induced by our CR conditions.
The primary objective of the present intervention was
to characterize the anabolic endocrine response to a bout
of resistance exercise during caloric restriction. While we
generally refer to this as an anabolic response, we acknowledge that there are other components of the general anabolic
response, such as muscle protein synthesis (Hector et al.
2015, 2018; Murphy et al. 2015; Areta et al. 2014). However,
we felt that there was a gap in the literature with regards
to the endocrine response to resistance exercise under
caloric restriction. While it has been questioned whether
the acute IGF-1 response to exercise predicts hypertrophy
during energy balance (Kraemer et al. 2017), there is evidence suggesting that signaling involved in muscle turnover
downstream of IGF-1 is suppressed during caloric restriction
(Martin-Rincon et al. 2019) and the suppression of IGF-1
itself during caloric restriction is linked to bone loss (De
Souza and Williams 2005). This suggests that the activity of
IGF-1 during caloric restriction may differ from that during
energy balance. The purpose of this study was to confirm
that stimulation of IGF-1 secretion by GH is impaired during caloric restriction even in the face of potent anabolic
stimulation. With this framework established, subsequent
studies should assess the effectiveness of countermeasures to
protect against the development of anabolic resistance and,
subsequently, maximize the benefits of resistance exercise
in the calorie-restricted state to skeletal muscle and bone.

Conclusion
Three days of caloric restriction to an energy availability of 15 kcal kg FFM −1 induced considerable anabolic
resistance—characterized by increased GH secretion
and reduced IGF-1 secretion—to a heavy resistance
exercise bout. This response occurred in the presence of
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post-exercise supplementation of either protein or carbohydrate. Despite this, a bout of resistance exercise did
mitigate increases in sclerostin observed during each intervention. These results suggest that while resistance exercise in the calorie-restricted state can positively influence
downstream tissues, such as bone, the persistence of anabolic resistance may limit the effectiveness of resistance
exercise during the calorie-restricted state. Additional
measures beyond post-exercise macronutrient supplementation are necessary to enhance the sensitivity of the IGF1:GH axis to resistance exercise during caloric restriction.
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Figure S1. CONSORT Flow Diagram for present study.
Tables
Condition
Warm-Up Volume
(kg· kg bw-1 ·reps)
Working Volume
(kg· kg bw-1 ·reps)
Total Volume
(kg· kg bw-1 ·reps)
Working / Total
Volume
Rest Time
(Average)

CRP

CRC

CON

12.6 ± 2.8

12.6 ± 1.6

12.3 ± 2.5

35.1 ± 2.3

34.6 ± 2.3

35.2 ± 2.2

47.8 ± 4.6

47.2 ± 3.8

47.4 ± 4.0

75.0 ± 3.4%

73.8 ± 1.4%

75.2 ± 3.4%

3:45 ± 0:20

3:27 ± 0:17

3:42 ± 0:14

Supplementary Table 1. Characteristics of exercise bouts by condition (n =7).

Condition
Pre-Ex
0
1
2
CON
936 ± 525
4914 ± 1663
383 ± 131
186 ± 96
CRC
1373 ± 829
12619 ± 4093
960 ± 263
576 ± 400
CRP
1305 ± 1152
9179 ± 3047
889 ± 308
1234 ± 663
Supplementary Table 2. Mean Growth Hormone concentrations (pg/mL) by condition and time
point (n = 6).

